Introduction
The myristoylated alanine-rich C kinase substrate (MARCKS) is a widely distributed protein kinase C (PKC) substrate that binds both calmodulin and actin [ 1,2] and has been implicated in cell motility, secretion, membrane trafficking and mitogenesis (reviewed in [ 3, 4] ). All these processes necessitate regulated rearrangement of the actin cytoskeleton. Recent results suggest that MARCKS has a role in translating extracellular signals into alterations in actin plasticity and changes in actin-membrane interactions [ 31. An understanding of MARCKS structure, of its interaction with calmodulin, actin and PKC, and of its capacity to cycle between the membrane and cytosol, provides a conceptual framework for understanding the biological role of the protein.
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MARCKS and its relative MacMARCKS
(associated with the plasma membrane of macrophages, neurons and epithelial cells) are rod-shaped molecules containing at least three domains: an N-terminal myristoylated domain, which participates in membrane binding, a highly conserved MH2 domain of unknown function, and a basic effector domain, which contains the PKC phosphorylation sites as well as calmodulin-and actinbinding sites (Figure 1 ) (reviewed in [3, 4] 
The myristoyl-electrostatic switch
Mutational analysis in transfected cells and biophysical data from model membranes demonstrate that MARCKS binds to membranes via a co-operative interaction of the myristoyl moiety and the basic domain with the lipid bilayer; the fatty acid inserts into the hydrophobic interior of the bilayer while the basic domain interacts with acidic phospholipids [S-81. Membrane binding places the substrate in close apposition to activated PKC, thereby facilitating the efficient phosphorylation of MARCKS (J. Seykora, M. M. Myat, L. H. Allen, J. Ravetch and A. Aderem, unpublished work, and [9]). PKC-dependent phosphorylation introduces three negatively charged phosphate groups into the basic effector domain, consequently neutralizing its interaction with acidic phospholipids and stimulating its release from the membrane [6,7,10]. The process is reversible; MARCKS reassociates with the membrane upon dephosphorylation [ 101. This regulated cycle of membrane attachment and detachment is important for MARCKS function because two distinct mutations that prevent this activity have profound effects on actin-based motility: point mutation of the PKC phosphorylation sites confers defects in directed cell motion, whereas a chimaeric MARCKS molecule that contains two palmitic acids at its N-terminus instead of the single myristoyl moiety, and that is not released from the membrane upon phosphorylation, bestows a defect in cell spreading [ 111 (see below).
In addition to the hydrophobic and electrostatic interactions that promote the binding of MARCKS to membranes, there is good experi-
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Biochemical Society Transactions (Figure 2) [3]. Recause of its possible role in regulating actin structure at the membrane, we determined the effect of MARCKS mutants on cell motility and spreading. Wild-type MARCKS was compared with a mutant (phos-), which is neither phosphorylated nor released from the membrane, and a doubly palmitoylated MARCKS chimaera (G43N), which is phosphorylated but not released from the membrane [ 111.
In a wound-healing assay, cells expressing wild-type MARCKS polarize and migrate into the wound after forming a leading edge [ 1 11. However, cells expressing phos-MARCKS do not polarize and continue to adhere to neighbouring cells. Immunofluorescence studies show that the phosmutant co-localizes with F-actin at the membrane adjacent to the wound's edge, where it appears to impede actin reorganization[ 111. G43N cells have a severe defect in spreading; they bleb profusely, and MARCKS and F-actin are co-localized at the periphery of the blebs. These phenotypes have been further characterized by video microscopy and the results suggest a role for MARCKS in regulating actin plasticity during cell movement and spreading Phagocytosis of particles by macrophages is an actin-based event with many similarities to cell motility [ 141. 
The association of MARCKS with membrane trafiicking
The continued association of MARCKS with the phagosome, even after actin has depolymerized, implies that MARCKS may have additional roles in phagosome maturation. An insight into this potential function is revealed by the observation that in fibroblasts, PKC-dependent phosphorylation regulates the cycling of MARCKS between the plasma membrane and Lamp-1-positive lysosomes [ 131. MARCKS resides primarily in the plasma membrane of resting mouse embryo fibroblasts, and PKC activation results in MARCKS phosphorylation and its rapid redistribution on to lysosomes. When MARCKS phosphorylation is prevented, either by mutation of the PKC phosphorylation sites or by pharmacological inhibition of the kinase, the protein remains in the plasma membrane [ 131.
This is also supported by the observation that PKC down-regulation is accompanied by the redistribution of MARCKS from lysosomes to the plasma membrane.
Further evidence that MARCKS cycles between the plasma membrane and lysosomes was obtained by using lysosomotropic agents and microtubule destabilizing drugs. MARCKS accumulates on lysosomes in cells treated with NH,CI or nocodazole, and returns to the plasma membrane upon drug removal [13] . The observation that the phos-protein does not accumulate on lysosomes in NH,CI-treated cells indicates that PKCmediated phosphorylation is required for this movement of MARCKS [ 131. The data suggest that MARCKS cycles between the plasma membrane and lysosomes: MARCKS phosphorylation shifts the equilibrium towards lysosomes, lysosomotropic agents trap the protein in this compartment, and down-regulation of PKC or inhibition of the kinase promotes MARCKS reassociation with the plasma membrane [13] . In addition, the finding that MARCKS transport from lysosomes to the plasma membrane requires intact microtubules (whereas transport in the opposite direction does not) further suggests that recycling of MARCKS to the plasma membrane may occur on vesicles transported along microtubules [ 131.
MacMARCKSIMRP, another member of the MARCKS family of myristoylated PKC substrates [19] [20] [21] , also cycles between lysosomes and the plasma membrane. MacMARCKS redistributes to lysosomes when the cells encounter aggregated bacterial lipopolysaccharides, and returns to the plasma membrane after activation of PKC 0. Li, I,.
H. Alien and A. Aderem, unpublished work). Therefore PKC-dependent phosphorylation drives MARCKS from the plasma membrane to lysosomes in fibroblasts, and drives MacMARCKS from lysosomes to the plasma membrane in macrophages. There are subtle differences in the membrane-binding domains of MARCKS and MacMARCKS, and they target differently in macrophages (L. Allen and A. Aderem, unpublished work). This is reminiscent of the rab low molecular mass GTP-binding proteins, in which similar effector domains associate with different intraceliular membranes [22-241. 
The MARCKS proteins in neurons
MARCKS is highly concentrated in the presynaptic junctions and is phosphorylated when synaptosomes are depolarized, suggesting a role in secretion and membrane recycling [25, 26] . Similarly, MacMARCKS is present in the distal neuronal processes of PC-12 cells and in rat brain synaptosomes, where it co-localizes with the synaptic vesicle marker synaptophysin (S. Chang, H. By analogy with the synapsins, they may have a role in reversibly tethering synaptosomes to actin filaments [27] . Alternatively, they may regulate actin structure at the presynaptic junction, thereby facilitating access of synaptic vesicles to the plasma membrane.
MacMARCKS is a calmodulin-binding protein, and the interaction between these proteins is prevented by MacMARCKS phosphorylation [ 191. Similarly, PKC-dependent phosphorylation prevents binding of calmodulin to MARCKS and to neuromodulin (GAP-43) [1, 28] . It has been proposed that both neuromodulin and MARCKS act as regulated calmodulin stores [4, 29] , and it is possible that MacMARCKS has a similar function. Multifunctional Ca*+/calmodulin-dependent protein kinases (CAM-kinases) I and I1 have a role in neurosecretion [ 30,3 11. Thus the PKC-dependent phosphorylation of MacMARCKS, MARCKS and neuromodulin could stimulate the release of calmodulin from these proteins, and calmodulin in turn could activate CAM-kinases I and 11.
Conclusions
MARCKS and MacMARCKS are members of a family of myristoylated PKC substrates that have the capacity to integrate PKC and calcium signals to regulate actin structure at the membrane. Both
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proteins are enriched in ruffling membranes where the actin cytoskeleton is being actively remodelled, in motile structures such as close contacts and the forming phagosome, and MARCKS mutants interfere with directed cell motion and spreading. Both MARCKS and MacMARCKS associate with endocytic membranes, and this association is regulated by phosphorylation. However, the proteins appear to serve different functions.
